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The exactly-solvable Kitaev model of two-
dimensional honeycome magnet leads to a quan-
tum spin liquid (QSL) characterized by Majorana
fermions, relevant for fault-tolerant topological
quantum computations. In the high-field para-
magnetic state of α-RuCl3, half-integer quanti-
zation of thermal Hall conductivity has been re-
ported as a signature of Majorana fermions, but
the bulk nature of this state remains elusive.
Here, from high-resolution heat capacity mea-
surements under in-plane field rotation, we find
strongly angle-dependent low-energy excitations
in the bulk of α-RuCl3. The excitation gap has a
sextuple node structure, and the gap amplitude
increases with field, exactly as expected for itiner-
ant Majorana fermions in the Kitaev model. Our
thermodynamic results are fully linked with the
transport quantization properties, providing the
first demonstration of the bulk-edge correspon-
dence in a Kitaev QSL.
Quantum spin liquids (QSLs) are enigmatic states of
matter, in which quantum fluctuations and frustrations
prevent spin configurations in a lattice from any solid-like
ordered alignments [1, 2]. In the exactly solvable model
of two-dimensional honeycome lattice proposed by Ki-
taev [3], the bond-dependent Ising interactions act as an
exchange frustration, leading to a QSL ground state with
characteristic excitations of Majorana fermions. These
Majorana excitations are important to make non-abelian
anyons that are useful for fault-tolerant topological quan-
tum computations. Realizing this intriguing QSL state
in real materials is therefore quite important, and there
are tremendous efforts to search the QSL states in Mott
insulators with strong spin-orbit coupling [4–6].
In the Kitaev model [3], each S = 1/2 spin at the
honeycome site can be converted to two kinds of Ma-
jorana fermions, itinerant and localized ones, the latter
of which form the so-called Z2 flux (which may also be
called as vison) per hexagon plaquette. By this repre-
sentation the quantum many-body problem of spins can
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be simplified as one-body physics of moving Majorana
fermions on localized Z2 fluxes, and the ground state
is found to be a QSL state with no long-range order.
As the Z2 flux has a sizeable gap ∆flux, the low-energy
behaviors are governed by the itinerant Majorana exci-
tations [7]. When one of the bond-dependent Ising in-
teractions (Jx, Jy, or Jz) is larger than the sum of the
other two, |Ji| > |Jj | + |Jk| (i, j, k = x, y, z), the excita-
tions are gapped (A phases, or toric code phases). Other-
wise the itinerant Majorana fermions at zero field exhibit
gapless excitations described by cone-shaped dispersions
with nodal points at zero energy (B phase), similar to the
Dirac-type electronic structure of graphene which also
has a two-dimensional honeycome structure. In the B
phase, the application of magnetic field changes the low-
energy gapless linear dispersion of Majorana fermions to
a gapped one, and the Majorana excitation gap ∆M is
given by
∆M ∝ |hxhyhz|
∆2flux
. (1)
Here hx, hy, and hz are the x, y, and z components of ap-
plied magnetic fieldH, respectively, which are defined by
the Ising spin axes (see Fig. 1A). When the field-induced
gap is finite, the Kitaev QSL has edge states, which
are topologically protected by non-zero Chern number
Ch = hxhyhz/|hxhyhz| determined by the sign of the
product hxhyhz. Equation 1 immediately indicates that
the Majorana gap is strongly field-angle dependent, and
has nodes at directions where the product hxhyhz is zero.
Across the nodes, a topological phase transition between
Ch = −1 and Ch = +1 states can be induced by a ro-
tation of magnetic field. Therefore, the observations of
field-angle dependent gap as well as gapless excitations
at nodal directions can be taken as an experimental ver-
ification of the Kitaev QSL state with Majorana fermion
excitations [8].
In α-RuCl3, Ru
3+ ions which are surrounded by Cl−
octahedrons form a layered honeycome structure [9]. As
shown in Fig. 1A, the crystallographic a (b) direction is
perpendicular (parallel) to the bond direction, which cor-
responds to (1, 1,−2) ((−1, 1, 0)) direction in the (x, y, z)
spin-axis coordinate. In this coordinate the product
hxhyhz has the same rotational symmetry as fxyz-wave,
and thus if we rotate the magnetic field in the honeycome
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FIG. 1. Field-temperature phase diagram of α-RuCl3.
(A) Schematic crystal structure of α-RuCl3 and definitions
of the crystallographic axes (a, b, c) and the Ising spin axes
(x, y, z). Due to the bond-dependent Ising interactions
(Jx, Jy, Jz), each spin axis is perpendicular to the plane in-
cluding a Ru-Ru bond and a shared edge of Cl octahedrons
(colored squares). Magnetic field H is applied within the
honeycome plane, and φ is the angle between H and the a
axis. (B) Majorana gap magnitude ∆M in Eq. 1 as a func-
tion of in-plane field angle in the Kitaev model, which follows
| cos 3φ| dependence. The Chern number is defined by the
sing of hxhyhz, and is zero for H ‖ b and equivalent direc-
tions. (C and D) Temperature dependence of specific heat
divided by temperature, C/T , at several fields for H ‖ a
(C) and H ‖ b (D). (E and F) Field dependence of C/T at
T = 0.67 K for H ‖ a (E) and H ‖ b (F). The arrow repre-
sents an H∗ anomaly (open square in Fig. 2A). (G and H) T -
H phase diagrams of α-RuCl3 for H ‖ a (G) and H ‖ b (H).
Superimposed color map represents the magnitude of C/T 3.
Solid (dashed) line represents the phase boundary between
(zig-zag, ZZ) magnetic and paramagnetic QSL (intermediate
X) phases.
plane that corresponds to (111) plane, the Majorana gap
changes as ∆M(φ) ∝ | cos 3φ|, where φ is the angle be-
tween the in-plane field and a axis (see Fig. 1B).
At zero field, α-RuCl3 exhibits an antiferromagnetic
zig-zag (ZZ) order below TN ≈ 7 K [10], which indicates
the presence of magnetic interactions of non-Kitaev type.
The estimates from theoretical calculations and neutron
scattering suggest that the ferromagnetic Kitaev inter-
action JK (corresponding to B phase) and non-Kitaev
interactions such as off-diagonal Γ terms are dominant
over small Heisenberg interactions [11, 12]. However, the
peak in the temperature dependence of specific heat at
∼ 100 K well above TN is characterized by an entropy re-
lease of (R/2) ln 2 (R is the gas constant) [12, 13], and Ra-
man scattering spectra show fermionic responses [14, 15],
which have been explained by fractionalized excitations
consistent with the Kitaev model. Several experimental
studies have found that the application of magnetic field
in the honeycome plane can suppress the ZZ order with
a critical field of ∼ 7 T [16, 17], above which a paramag-
netic state appears. Most notably, in a limited field (H)
and temperature (T ) range of this field-induced paramag-
netic state, the field-dependent thermal Hall conductivity
measurements [18–20] have revealed a plateau behavior
with the value close to one half of quantized thermal Hall
conductivity of electronic system. This half-integer quan-
tization is consistent with the presence of edge current of
Majorana fermions that have a half degrees of freedom
of electrons. However, the experimental difficulties of
thermal Hall measurements at very low temperatures call
for another approach to elucidating this intriguing state.
Moreover, the nature of the QSL properties at low ener-
gies in the bulk is far from being understood, and thus the
topological character of this state, especially one-to-one
correspondence between the bulk and edge properties,
remains to be verified. Here we focus on the heat capac-
ity measurements under magnetic fields that are rotated
within the honeycome plane of α-RuCl3, from which low-
energy excitations are investigated thermodynamically.
The specific heat capacity C of a high-quality single
crystal of α-RuCl3 is measured down to T ≈ 0.6 K by a
high-resolution long-relaxation technique with a piezo-
based rotator in a 12-T superconducting magnet (see
Supplementary Materials). Figure 1, C and D, shows the
temperature dependence of C/T measured under fixed
fields applied parallel to the a and b axes, respectively.
The antiferromagnetic transition is clearly identified by
the peak anomaly in C/T at TN, which is shifted to lower
temperature with field. As shown in Fig. 1, E and F, the
field dependence of C/T for H ‖ a and H ‖ b at the low-
est temperature exhibits two anomalies around 6-7.5 T,
which are consistent with the reported phase transitions
from the ZZ phase to the intermediate so-called X phase
and then to the high-field paramagnetic phase [21, 22].
The obtained T -H phase diagrams for the two field direc-
tions are summarized in Fig. 1, G and H, superimposed
on the magnitude of C/T 3. The TN(H) curvature is more
square-shaped and the critical fields are higher forH ‖ b.
The phase boundaries of the ZZ, intermediate X, and
high-field paramagnetic phases determined by the spe-
cific heat anomalies are shown in the H-φ diagram of
Fig. 2A. The critical field that separates antiferromag-
netic and paramagnetic phases falls within a range be-
tween 6.9 and 7.4 T, showing a kink behavior associated
with the spin flop effect due to field rotation [21]. Fig-
ure 2B represents the angular dependence of C/T at T =
0.70 K for several fixed field magnitudes. At low fields in
the antiferromagnetic state, the specific heat has maxima
along the a axis and equivalent angles (φ = n×60◦, where
n is integer). In stark contrast, it has maxima along the
b axis and equivalent angles (φ = n × 60◦ + 30◦) in the
high-field paramagnetic state. This remarkable phase re-
versal between the two different states can also be clearly
seen in the contrasting polar plots in Fig. 2, C and D.
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FIG. 2. Field-angle dependence of specific heat. (A)
Field-angle phase diagram determined by the specific heat
anomalies at T = 0.70 K. Open circles represent the transi-
tion from the zig-zag (ZZ) phase to X magnetic phase. Closed
circles represent the transition between the antiferromagnetic
and paramagnetic QSL phases. In the QSL state, the H∗
anomalies determined by field and angle dependence of spe-
cific heat (Fig. S3) are also shown (arrows in B). Superim-
posed color map represents the magnitude of C/T . (B) Angle
dependence of C/T at fixed field magnitudes at T = 0.70 K.
No data are shifted. (C) Polar plot of C/T (φ) below 7 T. (D)
Polar plot of C/T (φ) above 8 T in the paramagnetic QSL
phase.
The angular dependence below ∼ 5 T in the ZZ phase
has a kink behavior at the maxima, which is probably
related to the spin flop effect [8]. In contrast, the angle
dependence in the paramagnetic phase is much rounded,
implying a different mechanism of anisotropy from that
in the ordered phase. Below we show that this significant
anisotropy of specific heat can be consistently explained
by the angle-dependent Majorana gap in the Kitaev QSL
(see Fig. 1B).
In the inset of Fig. 3A, we plot C/T 2 versus T in the
high-field paramagnetic phase for H ‖ b, which clearly
indicates that specific heat has αT 2 and βT 3 terms at
low temperatures. The βT 3 term, which can be ac-
curately determined from the low-temperature slope in
this plot, corresponds to the bosonic contributions. The
obtained β is field dependent, and approaches asymp-
totically to a constant value βph = 1.22 mJ mol
−1K−4
at high fields (Fig. S1C). This value is in good agree-
ment with the estimate of phonon contribution from the
comparison with isostructural nonmagnetic RhCl3 [13],
where it has been shown together with ab initio calcu-
lations that the phonon gives strictly βT 3 term at low
temperatures with β ∼ 1.3 mJ mol−1K−4. The devia-
tions of β value from βph at lower fields imply the pres-
ence of additional bosonic contributions, likely related to
antiferromagnetic fluctuations near the critical field (see
Supplementary Materials), but these contributions are
not essential for the fermionic behaviors we focus below.
By subtracting the βphT
2 phonon term from the C/T
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FIG. 3. Temperature dependence of specific heat and
field dependence of Majorana gap. (A) Temperature
dependence of C/T − βphT 2 with βph = 1.22 mJ mol−1K−4
forH ‖ a (red) and forH ‖ b (blue) at 12 T. Lines are the fits
to Eq. 2 with a gap ∆M = 14.4 K for H ‖ a and ∆M = 0 for
H ‖ b. Inset shows the temperature dependence of C/T 2 for
H ‖ b between 8 and 12 T with 1 T intervals. Dashed lines are
the fits to Eq. 2, and the extrapolated intersection and slope to
T → 0 yield α and β, respectively (see Fig. S1). (B) Arrhenius
plot of C/T − βphT 2 for H ‖ a at several fields. Solid lines
are the fits to Eq. 2. Dashed linear lines represent exponential
temperature dependence. (C) Temperature dependence of
C − βphT 3 for H ‖ a at several fields. The peak temperature
Tmax (arrow) is related to the Z2 flux gap ∆flux. (D) Field
dependence of Majorana gap ∆M (red circles) and Tmax (blue
squares) for H ‖ a. Inset shows T 2max∆M as a function of
(µ0H)
3. Dashed line represents H3 dependence.
data, we find a crucial difference in the temperature de-
pendence between the two field orientations, parallel and
perpendicular to the Ru-Ru bond directions. As shown
in Fig. 3A, C/T − βphT 2 for H ‖ b clearly shows a T -
linear behavior at low temperatures, demonstrating the
presence of gapless excitations consistent with relativis-
tic (massless) linear dispersions. In contrast, the data for
H ‖ a show exponential temperature dependence, which
can be seen more clearly in the Arrhenius plot in Fig. 3B,
indicating fully gapped excitations. Such strongly angle-
dependent low-energy excitations in the paramagnetic
phase, especially the gapless excitations for H ‖ b, can-
not be easily explained by the conventional spin-wave-
like excitations, but can be naturally accounted for by
the angle-dependent Majorana gap in the Kitaev model
(Fig. 1B).
To make further quantitative analysis of C(T,H, φ)/T
4in the paramagnetic state, we use the following formula,
C(T,H, φ)/T =β(H,φ)T 2
+ CM(T,H, φ)/T + Cflux(T,H)/T.
(2)
Here we consider bosonic contributions in the first βT 2
term, and the contributions from itinerant Majorana
fermions (CM/T ) and Z2 flux (Cflux/T ) in the second
and third terms, respectively. The observed contrasting
behaviors for the two directions can be quantitatively
captured by the second CM/T term in Eq. 2, the con-
tribution from itinerant Majorana fermions, with angle-
dependent Majorana gap ∆M(φ). This term can be given
by the following formula obtained for a two-dimensional
system with energy dispersion E(k) =
√
v2k2 + ∆2M (see
Supplementary Materials);
CM(T ; ∆M)/T = αT
(
1− G(∆M/T )G(∞)
)
,
G(y) ≡
∫ y
0
dx
2pi
x3ex
(ex + 1)2
,
(3)
where α ∝ 1/v2 is a factor determined by the veloc-
ity v of Majorana fermions. The third Cflux/T term in
Eq. 2 corresponds to the contribution from the Z2 flux,
which has a sizable gap, and is thus more sensitive to the
high-temperature behavior. For this, we simply use the
Schottky-type formula that mimics the two level system
with a gap ∆flux; Cflux/T ∝ (∆2flux/T 3) · e∆flux/T /(1 +
e∆flux/T )2. The Majorana term (Eq. 3) gives a T -linear
behavior of C/T = αT for gapless Majorana excitations
(Fig. S2A), in agreement with the H ‖ b data. For
H ‖ a, the fitting with parameters α and β given in
Fig. S1 yields a systematic evolution of gap magnitude
∆M as a function of field as shown in Fig. 3D. This in-
creasing trend of ∆M with field is in qualitative agree-
ment with the previous reports [23, 24]. This is also
consistent with the change of C(φ)/T in Fig. 2B from
sinusoidal-like to more flat-bottom shape with increasing
field, which can be accounted for by CM(φ)/T in Eq. 3
with an increase of ∆M/T (see Fig. S2B). We emphasize
that the observations of gapless excitations in one field
direction and gapped behavior in another direction are
quite striking, and low-energy excitations with such char-
acteristic angle dependence are a hallmark of the Kitaev
QSL.
Next, to track the field dependence of ∆flux, we can
use the relation that the excitation gap of Z2 flux is
intimately related to the peak temperature Tmax in
the specific heat C(T ) of Kitaev QSL. It has been re-
ported [12, 13] that the magnetic contribution of C(T )
at high temperatures has a characteristic structure with
two broad peaks at ∼ 10 K and ∼ 100 K, and the for-
mer is ascribed to the excitations of Z2 flux [5]. The
temperature dependence of C−βphT 3 plotted in Fig. 3C
clearly shows a peak structure at Tmax, which shows ap-
preciable field dependence (Fig. 3D). This Z2 flux peak
is also linked to the Kitaev interaction JK, and quan-
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FIG. 4. Field-angle dependence of Majorana gap.
(A) Polar plot for angle-dependent Majorana gap magnitude
∆M(φ) for 9 and 12 T. The data for −90◦ ≤ φ ≤ 90◦ are
determined from the fits to the temperature dependence of
C/T . We use the symmetrization to represent the other (left
half) part by rotating the right half data by 180◦, which cor-
responds to time reversal. (B) Angle dependence of the Ma-
jorana gap ∆M (with a multiplication of 1/5) and Tmax (which
is related to the Z2 flux gap ∆flux) at 9 T. Superimposed color
map represents the magnitude of C/T 2 at 9 T.
tum Monte Carlo simulations for the isotropic pure Ki-
taev model have shown the relations Tmax ' 0.012JK
and ∆flux ∼ 0.07JK [5]. This implies Tmax ∼ 0.17∆flux,
although quantitative estimates of JK and ∆flux require
realistic models of α-RuCl3 including non-Kitaev inter-
actions. It has been also pointed out that the mag-
netic field can modify the Kitaev interaction [25]. Thus
we infer that the field dependence of Tmax accompa-
nies the field dependence of ∆flux. The simple relation
Tmax(H) ∝ ∆flux(H) enables us to check the validity of
Eq. 1 by plotting T 2max∆M(H), which should be propor-
tional to |hxhyhz|. The obtained results shown in the
inset of Fig. 3D demonstrate a distinct H3 behavior, in
excellent agreement with the Kitaev model.
Having established the field dependence of Majorana
gap, we now turn to the angle dependence of ∆M. We
repeat the same fitting procedures for different angles
at 9 and 12 T, and the obtained ∆M(φ) data are demon-
strated in a polar plot of Fig. 4A. This captures the essen-
tial features of angle-dependent Majorana gap expected
in the Kitaev QSL. First, the thermodynamically deter-
mined excitation gap shows a strong anisotropy in the
honeycome plane, having sextuple nodes along the b axis
and equivalent directions. Second, the angle dependence
can be approximated by | cos 3φ|, consistent with the f -
wave symmetry of the angle dependence of the gap. This
strong angle dependence can also be visually seen in the
color plot of C(φ)/T 2 in Fig. 4B, where the large gap
corresponds to the suppressed specific heat at low tem-
peratures. We note that at high temperatures the peak
temperature Tmax is essentially angle independent, which
implies that the Z2 flux gap ∆flux and hence the Kitaev
interaction JK do not depend on field angle although
these depend on field magnitude as discussed above. This
ensures that the observed f -wave Majorana gap with six
nodes in the plane is fully consistent with Eq. 1, providing
further compelling evidence of the Kitaev QSL state with
5characteristic Majorana fermion excitations in this ma-
terial. It has been theoretically shown that the presence
of the non-Kitaev interactions can modify the field-angle
dependence of Majorana gap significantly, but the sextu-
ple node structure within the plane is protected [8]. Our
results thus indicate that the fundamental property of
Kitaev QSL having strong field-angle dependence with
gapless Majorana excitations for Ru-Ru bond directions
is preserved in the high-field paramagnetic phase of α-
RuCl3.
We point out that recent thermal Hall conductivity
measurements have shown that the half-integer quantized
plateau behavior is observed for H ‖ a, but is absent for
H ‖ b [19]. This is fully compatible with our angle de-
pendence of Majorana gap ∆M(φ), which is directly re-
lated to the Chern number Ch that vanishes for H ‖ b.
These results thus demonstrate the bulk-edge correspon-
dence in this QSL state; the Majorana edge mode, which
is manifested by the half-integer quantum thermal Hall
effect, is protected by the gapped excitations in the bulk,
despite the presence of non-Kitaev interactions.
The obtained angular variations of C/T also provide an
important information on the possible field-induced topo-
logical quantum phase transition in the high-field param-
agnetic state suggested by some experiments [18, 19, 22].
The thermal Hall conductivity deviates from the half-
integer quantum value and vanishes above a character-
istic field, whose in-plane component varies from ∼ 8
to ∼ 11 T depending on samples and angles in the ac
plane [18–20]. Neutron scattering and magnetocaloric
effect measurements also point to some change around
∼ 9 T at 1.5 K [22]. In the present specific heat study,
the field dependence of the Majorana gap (Fig. 3D) con-
tinues to increase above ∼ 10 T, implying the absence
of a certain continuous quantum phase transition that
requires the closing of the gap [26].
However, a close look at the field dependence of C/T
for H ‖ a (Fig. 1E) reveals a small bump at µ0H∗ ∼
10 T, which is not visible at φ = 60◦ (see Fig. S3B). Sim-
ilarly, in the angle dependence of C/T at 10 T (Fig. 2B)
a small peak-like bump structure can be seen around
φ = 0◦, which is absent near φ = 60◦. At higher fields,
this bump structure shifts to positive and negative an-
gles near φ = 0◦ and new bump structures appear at
±60◦ and ±120◦ (arrows in Fig. 2B and Fig. S3C). The
positions of these small anomalies are plotted in the H-
φ diagram of Fig. 2A, which indicates that this anomaly
field H∗ has a strong two-fold (C2) anisotropy in ad-
dition to the six-fold oscillations. One may notice a
tiny C2 anisotropy of C(φ)/T at lower fields (Fig. 2C),
which is likely related to the small structural distortion
less than 0.2% along the b axis in α-RuCl3 [27]. How-
ever, the high-field C2 anisotropy of H
∗(φ) is much more
significant (∼ 15%). As discussed in Supplementary
Materials, this significant C2 anisotropy at high fields
is not coming from the field misalignment and thus it
has a different origin from the small structural distor-
tion. We note that the effect of stacking faults, which
are unavoidable in actual crystals of α-RuCl3, is known
to lead to additional magnetic transitions at ∼ 10-14 K
higher than TN ≈ 7 K [27]. Although the detailed field
dependence of these higher magnetic transitions is diffi-
cult to be tracked [28], the critical fields of these mag-
netic transitions are anticipated to be higher than 7 T,
and may have a two-fold angular anisotropy, consider-
ing the spin flop expected for the magnetic structure of
the C2-symmetric ABAB stacking faults within the AB-
CABC layer sequence in α-RuCl3. In our crystal, how-
ever, only tiny anomalies in C/T at 10 and 13 K can be
seen (Fig. S3A), which indicates that the volume frac-
tion of the stacking faults inside the crystal is less than
∼ 2%. It is therefore unlikely that this tiny portion is
totally responsible for the vanishing of quantum thermal
Hall effect. From our analysis of angular dependence of
Majorana gap ∆M(φ) and α(φ), which is related to the
Majorana velocity, we obtain ∆M(60
◦)/∆M(0◦) ≈ 1.04
(1.01) and α(60◦)/α(0◦) ≈ 0.95 (1.02) at 12 T above H∗
(9 T below H∗). This suggests that the low-energy prop-
erties of Majorana fermions break the rotational symme-
try at high fields in the bulk.
It has been pointed out by Kitaev that the magnetic
field generates the interactions among neighboring four
Majorana fermions [3]. When these interactions are
strong, a bond-like order of Majorana fermions may be
induced with keeping spin-fractionalization, which is ex-
pected to lower the six-fold symmetry down to C2 sym-
metry in the QSL state. Moreover, once the order pa-
rameter of such a bond-like order becomes large, we
could have a first-order transition from the B phase in
the Kitaev model to an anisotropic A phase. This tran-
sition accompanies the annihilation of the two gapped
cones [5], resulting in the vanishment of Chern number
without closing the Majorana gap, consistent with the
vanishing of quantum thermal Hall effect. Such a field-
induced transition with broken rotational symmetry can
be called as a nematic transition, and indeed recent theo-
retical studies suggest the presence of nematic paramag-
netic phases in the vicinity of the Kitaev QSL state [29].
Although this scenario should be scrutinized by further
experimental and theoretical studies, the stacking faults
as well as tiny structural distortions can pin the director
of the C2 nematic QSL state, which is otherwise diffi-
cult to be resolved by field rotation experiments. This
reminds us that a nematic order with spontaneous rota-
tional symmetry breaking has also been found in quan-
tum Hall systems near the 5/2 fractional quantum Hall
state [30], which is believed to be a prototypical non-
abelian topological phase characterized by the gapped
state in the bulk with topologically protected gapless
edge currents.
To sum up, we have studied the specific heat in the
Kitaev material α-RuCl3 in detail under magnetic fields
rotated within the honeycome plane. In the high-field
paramagnetic phase, we have observed contrasting be-
haviors between gapped excitations for H ‖ a and gap-
less excitations for H ‖ b, which are the features char-
6acteristic of itinerant Majorana fermions in the Kitaev
QSL. The field dependence and angle dependence of the
Majorana gap provide thermodynamic evidence that the
Kitaev physics can be applied to the high-field state of
α-RuCl3. We have also found a possible nematic tran-
sition in the Kitaev QSL state, which may be related
to the vanishing of Chern number. Finally, our study
demonstrates that the Majorana gap can be tuned by
the field angle, which opens up a new pathway to control
Majorana fermions in bulk materials.
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SUPPLEMENTARY MATERIALS
Materials and Methods
1. Single crystals
High-quality single crystals of α-RuCl3 were grown by
the vertical Bridgman method [28]. To conduct heat ca-
pacity measurements, we carefully picked up the sample
to minimize the stacking faults or bending of the crys-
tal. The lateral size of the sample is ' 1.1 × 1.3 mm2,
and the weight is ' 0.7 mg. To check the sample qual-
ity, we conducted the magnetization measurements and
observed no discernible jump due to the additional mag-
netic transition originating from the stacking faults. The
orientation of the crystal axis is determined by X-ray
diffraction measurements.
2. Heat capacity measurements
Heat capacity was measured by a long relaxation
method [31] which is designed for samples with small
mass. A bare chip resistive thermometer (Cernox
1030BR) is used as both the thermometer and the heater.
The thermometer was calibrated under magnetic fields
up to 14 T by using a calibrated thermometer in a dilu-
tion fridge. The sample is directly attached on the bare
7chip using Apiezon grease for good thermal contact. The
holder is rotated by a piezo driven rotator equipped in
a 12-T superconducting magnet. The angle of the chip
is checked by the two Hall sensors orthogonally placed
on the rotator. This whole system is mounted on a 3He
cryostat with the base temperature of ' 0.6 K. The heat
capacity of the chip and grease is measured in advance
before the sample is mounted, and is subtracted from the
raw data. The heat capacity of the chip and the grease
is ∼ 100 times less than that of the sample.
The misalignment between the field and the honey-
come plane of the crystal is estimated to be a few degrees.
However, the observed angle dependence of specific heat
is dominated by the six-fold oscillations, and the two-fold
anisotropy is directed to the a and b axes, implying that
the misalignment has a minimal effect. We also empha-
size that the significant two-fold anisotropy found at high
fields is much more pronounced than that at low fields,
indicating that the C2 anisotropy of H
∗ is not coming
from the misalignment.
Supplementary text
3. Fitting procedures
First, we fit the low-temperature C/T data for H ‖
b to αT + βT 2. As shown in the inset of Fig. 3A, the
parameters α and β can be accurately determined by the
T → 0 intercept and slope of the C/T 2 versus T plot,
respectively (see Fig. S1).
The βT 2 term comes from bosonic contributions. The
phonon contribution in C/T has been thoroughly inves-
tigated by Widemann et al. [13], which shows βphT
2
dependence with βph ∼ 1.3 mJ mol−1K−4. In our data,
the field dependence of β is found as shown in Fig. S1C,
and the high-field value is close to the phonon estimation
[13]. At lower fields, an enhancement of β is seen when
approaching the critical field of antiferromagnetism, sug-
gesting the presence of bosonic contribution from mag-
netic fluctuations. The angular dependence of β at con-
stant fields shows six-fold oscillations, which have a simi-
larity with the oscillation of critical field in Fig. 2A. This
can be understood by the fact that the enhancement of
β corresponds to the closeness to the critical field, sup-
porting the fluctuation origin of the enhancement.
The presence of αT term can be accounted for by
the Majorana fermion contribution CM/T . To derive
the formula of CM/T in Eq. (3), we use a generic low-
energy dispersion relation of quasiparticles, E(k) =√
v2k2 + ∆M(φ)2. We use the standard specific heat
calculations assuming that quasiparticles form a gas of
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Fig. S1. Field and angle dependence of fitting param-
eters. (A) Field dependence of α used for the fits to Eq. (2)
for H ‖ a (red) and H ‖ b (blue). (B) Angle dependence of
α used for the fits to Eq. (2) at 9 (red) and 12 T (blue). (C)
Field dependence of β used for the fits to Eq. (2) for H ‖ a
(red) and H ‖ b (blue). (D) Angle dependence of β used for
the fits to Eq. (2) at 9 (red) and 12 T (blue). Dashed lines
in C and D represent the phonon contribution βph = 1.22 mJ
mol−1K−4.
fermions,
CM(T ; ∆M) =
T
V
∂S(T )
∂T
=
1
V
∑
k
(
E(k)
T
)2
nF(E(k))(1− nF(E(k)))
=
T 2
v2
∫ ∞
∆M/T
dx
2pi
x3ex
(ex + 1)2
,
with the Fermi-Dirac distribution function, nF(x) =
(ex + 1)−1. The formula may be further simplified by
introducing a one-parameter function,
G(y) =
∫ y
0
dx
2pi
x3ex
(ex + 1)2
=
1
2pi
[
− 6yLi2 (−ey) + 6Li3 (−ey) + e
yy3
ey + 1
−3y2 log (ey + 1) + 9ζ(3)
2
]
,
with the polylogarithm function, Lis(z), and the zeta
function, ζ(s). The final form is
CM(T ; ∆M)
T
=
G(∞)
v2
T
(
1− G(∆M/T )G(∞)
)
,
with two parameters (v,∆M). This formula gives
CM/T = αT with α = G(∞)/v2 for ∆M = 0 (see
Fig. S2A), which can naturally explain the αT term for
H ‖ b where the gapless state is expected in the Kitaev
model (see Fig. 1B).
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Fig. S 2. Calculated specific heat of Majorana
fermions. (A) Temperature dependence of CM/T calculated
for gapless (blue) and gapped (red) states by using Eq. (3).
(B) Angle dependence of C/T calculated for several values of
∆M/T assuming ∆M(φ) = ∆M(0)| cos 3φ| with a constant α
in Eq. (3).
Next, we consider the deviations from αT + βT 2
at higher temperatures by the Z2 flux contribution,
which we estimate by using the simple Schottky formula
Cflux/T = Aflux(∆
2
flux/T
3) · e∆flux/T /(1 + e∆flux/T )2. The
fit requires two parameters, ∆flux and Aflux, but this con-
tribution is weighted largely at high temperatures. We
use the data below 23Tmax, where the simple Schottky
formula gives essentially exponential dependence.
We take the fact that the high-temperature data are
essentially field-angle independent, as shown in Fig. 4B,
and thus assume that the Z2 flux contribution is inde-
pendent of angle φ. To analyze the data for φ 6= 90◦, we
fix the Z2 flux term as the values for H ‖ b, and then fit
the C(T )/T data to Eq. 2 with three fitting parameters
α, β, and ∆M. With α and β values shown in Fig. S1,
the fitting works reasonably well for the low-temperature
data below 23Tmax as demonstrated in Fig. 3, A and B, ex-
cept for very low temperatures below ∼ 1.5 K where the
possible effect of impurities may become non-negligible.
This procedure can give a good estimate of the Majorana
gap ∆M. We note that the description of itinerant Ma-
jorana contribution in Eq. 3 can account for the salient
features in the temperature and angle dependence of the
fermionic contribution of C/T at low temperatures as
shown in Fig. S2. It is therefore unmistakable that the
strong angle dependence of C/T found at low tempera-
tures is directly related to the angle dependent ∆M.
4. High-field anomalies
We find small anomalies in the C/T data at H∗ above
∼ 10 T, which is shown by arrows in Fig. S3, B and C.
The anomaly field H∗ is shown in the H-φ diagram in
Fig. 2A, which shows a significant two-fold anisotropy.
This C2 anisotropy can be also seen by the difference
between φ = 0◦ and φ = ±60◦ in the angle dependence
in Fig. S3C.
Very recently, it has been reported [32] that the field
dependence of the magnetic Gru¨neisen parameter shows
a small anomaly in a similar field range for φ ∼ 10◦ and
the absence of second-order phase transition has been
concluded. This is consistent with our ∆M(H) results,
showing no closing behavior at H∗. It has also been re-
ported that the specific heat does not show an anomaly
at 2 K. In our data, the H∗ anomaly found at ∼ 0.7 K
is quickly smeared at higher temperatures, which is also
consistent with the 2-K data reported above. This also
suggests that the latent heat associated with the possible
first-order nematic transition, which is linked to the en-
tropy change and thus Gru¨neisen parameter, may be too
small to be detected thermodynamically by heat capacity
measurements. A close look at the field dependence of
∆M for H ‖ a (Fig. 3D) can find a slight change of slope
around 10 T, which may be related to the transition.
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Fig. S3. Heat capacity anomalies. (A) Zero-field C/T
at high temperatures. Dashed arrows mark tiny anomalies
associated with the stacking faults. (B) Comparison between
field dependence of C/T at high fields for two directions φ =
0◦ (red) and φ = 60◦ (green) at T = 0.67 K. Arrow marks an
H∗ anomaly only found for φ = 0◦. (C) Angular dependence
of C/T at fields of 10 (purple), 11 (blue), and 12 T (cyan).
Arrows represent the H∗ anomalies (see Fig. 2A).
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